[1] Aerosol optical thickness (AOT) data retrieved by the Multiangle Imaging Spectroradiometer (MISR) in 2001 were compared with AOT measurements from 16 Aerosol Robotic Network (AERONET) sites over the contiguous United States. Overall, MISR and AERONET AOTs were strongly correlated (r = 0.73). Regression analysis showed that the root mean square error (RMSE) of MISR AOT was 0.05. The overall retrieval error of MISR AOT was within ±0.04 ± 0.18 Â AOT. This result as well as the regression slope and intercept were comparable with previous results using AOT retrievals from MISR or Moderate Resolution Imaging Spectroradiometer (MODIS). The agreement between MISR and AERONET AOTs was improved (R 2 = 0.90, RMSE = 0.04) when data from three western inland sites were excluded. A paired t test indicated that MISR systematically overestimated AOT by 0.02 ± 0.007. It was also shown that this positive bias in MISR AOT was greater during the spring and summer as well as in western United States. Together, these results suggest that MISR AOT measurements may be suitable for quantitative analysis of aerosol abundance. Finally, it is unlikely that the current results will vary when using alternative MISR AOT parameters since our analysis also showed the MISR AOT parameters (best fit, regional mean, and weighted regional mean AOTs) to be highly comparable.
Introduction
[2] NASA's Earth Observing System (EOS) Terra satellite [Kaufman et al., 1998 ] was launched into Earth orbit in December 1999 with the mission of comprehensively measuring the Earth's climate system. Operating in a Sunsynchronous orbit, Terra crosses the equator from north to south at approximately 10:45 a.m. local time with an orbital period of 99 minutes and repeats its ground track every 16 days. Among the five instruments aboard Terra, MISR was designed to measure tropospheric aerosol properties with repeat coverage over a specific scene between two and nine days depend on the latitude of the scene [Diner et al., , 1989 Kaufman et al., 1998 ]. MISR employs nine cameras pointed at fixed angles to observe reflected and scattered sunlight in four wavelength bands. This unique design enables it to retrieve tropospheric AOT, defined as the integral of aerosol extinction coefficients from surface to top of the atmosphere, and aerosol size distribution over both land and ocean at a spatial resolution of 17.6 km ]. Unlike other aerosol remote sensing instruments, MISR performs aerosol retrieval over land utilizing the presence of spatial contrasts within the 17.6 Â 17.6 km region to separate surface-leaving and atmospheric path radiances. The surface-leaving radiation field is then used to determine the best fitting aerosol compositional models and associated AOTs by comparing the results with synthesized values which are calculated from predefined aerosol compositional models, each consisting of a mixture of prescribed basic aerosol components [Jet Propulsion Laboratory (JPL), 2002] . Valid aerosol mixtures and associated AOTs are identified when the residuals between observed and synthesized radiation fields are below the thresholds specified by a set of chi-squared statistics [Martonchik et al., 1998 ].
[3] Since MISR is still in its early stage of operation, most existing MISR related publications focus on instrument operations, radiometric and geometric calibrations as well as studies of land surface and cloud properties Chrien et al., 2002; Jovanovic et al., 2002] . To date, MISR aerosol measurements have been undergoing extensive validation with few published results. Diner et al.
[2001] compared a small sample of the regional mean aerosol optical depth, computed from early MISR measurements with AOT observations from the Aerosol Robotic Network (AERONET) in southern Africa. Their results showed that MISR had a positive bias (0.02) across the range of the data and overestimated AOT measurements by 10%.
[4] AERONET is a global measurement network of ground-based Sun photometers (CIMEL Electronique, France) supported by NASA's EOS and other international institutions [Holben et al., 1998 ]. Starting its operation in 1993, AERONET has expanded worldwide to over 340 sites by 2002. The AERONET system provides columnar aerosol optical properties at up to eight wavelengths ranging from 340 nm to 1020 nm. Extensive research showed that AERONET data have relatively high accuracy (<±0.01 for l > 440 nm and <±0.02 for shorter wavelengths) and precision (less than 1%) [Eck et al., 1999; Holben et al., 1998; Smirnov, 2000] . Because of its long operating history, global coverage and high data quality, AERONET data has been used in various satellite and model validation studies as the reference standard for AOT measurements [Chu et al., 2002; Torres et al., 2002a Torres et al., , 2002b Zhao et al., 2002] .
[5] Because of their relatively high resolution and wide coverage over land, the latest generation of spaceborne aerosol sensors such as MISR and MODIS are promising data sources for regional scale studies on fine particle pollution characterization and related public health issues. A case study in Texas has shown that MODIS, in conjunction with ground-based observations, can create a cost-effective and accurate pollution monitoring system [Hutchison, 2003] . MISR or MODIS data may be especially beneficial in developing countries with limited ground monitoring network and financial resources. To date, no study has specifically focused on evaluating MISR data over relatively populated and polluted areas for long sampling durations. The main objective of this study, therefore, is to evaluate the accuracy of MISR AOT data under various geographical and climatic conditions over the contiguous United States using information from the AERONET network. To choose the appropriate AOT parameters for use in the current analysis, the relationships among different AOT parameters provided by the MISR data product were also examined.
Methods

Measurements of AOT 2.1.1. MISR Level 2 Aerosol Data Product
[6] MISR level 2 aerosol data in 2001 were downloaded from Atmospheric Sciences Data Center at NASA Langley Research Center (http://edg.larc. nasa.gov/~imswww/imswelcome/index.html). It should be noted that the MISR aerosol retrieval algorithm as well as the product maturity level have been constantly evolving. In the current analysis, the maturity level of 2001 data is version 12, with the exception of less than 1% of the data, which varies from version 8 to version 11. The MISR AOT parameters (all reported at 558 nm wavelength) [JPL, 2002] of interest include:
[7] 1. Best fit AOT (corresponding MISR fieldname RegBestFitSpectralOptDepth) indicating the columnar aerosol optical depth with smallest chi-square fitting parameter from all aerosol mixtures [Martonchik et al., 1998 ]; denoted as MISR bestfit in this analysis.
[8] 2. Regional mean AOT (corresponding MISR fieldname RegMeanSpectralOptDepth) indicating the columnar aerosol optical depth computed as the average optical depths of all valid (''successful'') aerosol mixtures; denoted as MISR regmean .
[9] 3. Weighted regional mean AOT (corresponding MISR fieldname RegWgtdMeanSpectralOptDepth) indicating the columnar aerosol optical depth computed as the average optical depths for all aerosol mixtures weighted by the inverse of the chi-square statistics; denoted as MISR wgtdmean .
AERONET Level 2 Data Product
[10] Level 2 (validated) AOT data in 2001 from 16 AERONET sites over contiguous United States (see Figure 1) were downloaded from the AERONET data 
Data Processing
[11] The coordinates of the AERONET sites were spatially matched with the center coordinates of the corresponding MISR regions in ArcGIS (ESRI Inc.; Redlands, CA). All three MISR AOT measurements from the matched MISR regions were extracted and matched with 10-11 a.m. average AERONET AOT measurements on the same days. For areas where the center regions did not have valid measurements for certain MISR parameter, averages were taken from the surrounding eight regions and flagged for lower quality. To reduce noise level introduced by spatial averaging, averaged MISR AOT values were only computed from those regions with at least three valid measurements for every MISR AOT parameter. As suggested by MISR researchers (David Diner, personal communication), MISR AOTs greater than 1.50 were likely erroneous and caused by inadequate cloud screening. Consequently, these points were removed to reduce possible data contamination. This threshold was further justified in that only four out of a total of 81,500 AOT measurements collected at the 16 AERONET sites in 2001 exceeded 1.50 (interpolated to 558 nm). The final data set contained 269 data records.
[12] AERONET AOT measurements at 440 nm and 675 nm were interpolated to 558 nm using the Angstrom exponents (a 440 -675 nm ) provided in the AERONET data sets to allow for straightforward interpretation of the results. (The spectral dependence of AOT was parameterized through the Angstrom exponent (a) defined as a l1 -l2 = Àd ln t l /d ln l = Àln(t l1 /t l2 )/ln(l1/l2) where t l1 and t l2 were AOT values at wavelengths l 1 and l 2 . Because a 440 -675 nm information was not available at Sioux Falls, a 440 -870 nm was used instead.) Averages of AERONET AOTs measured between 10 -11 a.m. local time (denoted as AERONET 10am in this analysis) were calculated and compared with MISR AOT measurements. The values of a 440 -675 nm was also used as a categorical indicator of aerosol size distribution [Eck et al., 1999; Kaufman et al., 2000; Thulasiraman et al., 2002] . For a 440 -675 nm values less than 0.75, supermicron particles such as desert dusts (referred to as coarse particles in this analysis) were dominant. For a 440 -675 nm values greater than 1.7, submicron particles such as fresh biomass burning smoke and urban/industrial aerosol (referred to as fine particles) were dominant. For a 440 -675 nm values between 0.75 and 1.70, a mixture of coarse and fine particles is present.
[13] For the current analysis, the average temporal spacing between two consecutive MISR-AERONET observations for a given site was approximately 20 days, which is substantially longer than the residence time of tropospheric aerosols. Besides the fact that the narrow MISR swath ($400 km) allows a global coverage in seven days on average, this large temporal spacing observed in this data set is likely because MISR cannot retrieve aerosol properties when a scene is covered by clouds or the terrain lacks spatial contrast. In addition, many of the AERONET sites did not operate during the entire sampling period. Based on the above findings, therefore, all the data points were treated as independent observations.
[14] Data were characterized using descriptive statistics, graphical displays, and goodness-of-fit tests (KolmogorovSmirnov test and Cramer-von Mises test). Paired t tests, Spearman's correlation coefficients (to account for the lognormality of the data shown later in the analysis) and simple linear regression were used to examine the agreement between MISR and AERONET AOT measurements. Results were presented with two decimal places or at least one significant digit. Statistical significance of parameter estimates was reported at the a = 0.05 level, which represents the probability of the tested quantity being equal to zero in a t test.
[15] Finally, a general linear model was used to study the impact of geographical and seasonal factors on the associ- ation between MISR and AERONET AOT measurements. This model was expressed as:
AERONET 
Results and Discussion
Relationships Among MISR AOT Parameters
[16] Histograms showed that both MISR and AERONET AOT measurements exhibited similar right-skewed, monomodal distributions (Figure 2 ). Goodness-of-fit tests indicated that all AOT parameters were lognormally distributed.
The results above agreed with the findings from a multiyear, multistation study of AERONET AOT data [O'Neill et al., 2000] . To simplify data analysis, the relationships among MISR bestfit , MISR regmean and MISR wgtdmean were first examined using paired t tests and linear regression analyses. Mean MISR wgtdmean was slightly smaller than mean MISR regmean (difference = 0.007, p < 0.0001) while the difference between MISR bestfit and MISR regmean was insignificant (p = 0.97). MISR bestfit , MISR regmean as well as MISR wgtdmean were strongly correlated and had excellent linear relationships (Figure 3 ). The quality flags for each AOT parameter did not have significant impacts on the associations among these parameters. The small differences among them, shown as the small intercepts and the slopes that differed from 1.0, were probably caused by the variation of retrieved AOTs from different aerosol mixtures because the three MISR AOT parameters were calculated differently (see definitions in section 2). The above results suggested that the three MISR AOT parameters could be used interchangeably. For the purpose of this analysis, MISR regmean was chosen as the representative MISR AOT parameter. (Table 2) , which constituted a significant difference (paired t test, p < 0.0001). Geographically, coastal sites such as La Jolla, Cove, MD Science Center generally had higher and more variable AOT values than inland sites such as Rogers Dry Lake, Maricopa, and Sevilleta (Figure 4) . AOT values varied greatly by season with the mean values for both MISR and AERONET AOTs in the summer shown to be more than twice as high as in the winter. The difference between MISR regmean and AERONET 10am was significant in all seasons as shown by paired t tests (p < 0.01 in all seasons). The relative difference was larger in the winter (0.02, $30% relative error) and the spring (0.03, $30% relative error) as compared to the summer (0.03, $20% relative error) or the fall (0.01, $10% relative error). In terms of aerosol size distribution, paired t tests showed that the difference between mean MISR and AERONET AOTs was the largest under coarse particle dominant conditions (0.04) and smallest under fine particle dominant conditions (0.02) ( Table 3 ). Paired t tests indicated that the difference between mean MISR and AERONET AOTs was the largest (0.05) in western sites and insignificant in midwest sites (Table 3) .
Summary Statistics and Comparison of Means
Association Between MISR and AERONET AOT 3.3.1. Correlation Coefficients
[18] Overall, there was a strong correlation between MISR regmean and AERONET 10am (r = 0.73, p < 0.0001). For all sites with more than nine observations, significant correlations existed ranging from r = 0.49 at Rogers Dry Lake to r = 0.92 at MD Science Center (Table 4) . Western sites tended to have lower correlation coefficients as compared to eastern sites. In addition, as shown in Table 5 , the correlation between MISR regmean and AERONET 10am was stronger at coastal sites (r = 0.84) as compared to inland sites (r = 0.69). One possible explanation for this tendency may be that the western or inland sites generally had lower PM 2.5 concentrations as compared to eastern or coastal sites. Therefore the influence of retrieval errors in MISR AOT values could influence the correlation between MISR regmean and AERONET 10am more substantially at those sites with lower PM 2.5 concentrations.
[19] The correlation between MISR regmean and AERO-NET 10am was the weakest in the coarse particle dominant scenarios (r = 0.55) as compared to the mixed particles scenarios (r = 0.68) and the fine particle dominant scenarios (r = 0.85). As indicated by the lower mean Angstrom exponents (Table 4) , western or inland sites tended to have more frequent coarse particle dominant scenarios as compared to eastern or coastal sites. Therefore another possible explanation to the variation of correlation coefficients among different sites could be because that the retrieval errors in MISR regmean were larger when a larger proportion of coarse particles was present in the atmosphere.
Regression Analysis
[20] A linear regression between MISR regmean and AERONET 10am yielded an R 2 of 0.80 and an RMSE of 0.05 after two possible outliers (marked by site names in Figure 5 ) were excluded. (R 2 = 0.77, RMSE = 0.06, slope = 0.85 ± 0.03 and intercept = 0.04 ± 0.005 when the two possible outliers were included.) The positive intercept (0.04 ± 0.005) reflects the retrieval bias in MISR regmean shown by the previous paired t test. Some possible explanations for this positive bias might include: uncertainties related to the assumptions of vertical profiles and aerosol models, inadequate cloud screening, imperfect aerosol cli- All the correlation coefficients are highly significant (p < 0.0001). b Dust is the classification for different aerosol size distribution. a 440 -675 nm < 0.75 for coarse particle dominant scenarios, a 440 -675 nm ! 1.70 for fine particle dominant scenarios, and 1.70 > a 440 -675 nm ! 0.75 for mixtures of coarse and fine particles. c See notes in Table 3 .
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LIU ET AL.: VALIDATION OF MISR AEROSOL OPTICAL THICKNESS matology as well as the dependency on monthly averaged meteorological data rather than real time data. Quantitative characterization of the retrieval bias is beyond the scope of this paper. The slope (0.88 ± 0.03), intercept as well as the RMSE of this regression line are all comparable with those reported in the work of Chu et al. [2002] where comparison of MODIS and AERONET AOTs yielded an uncertainty of ±0.05 on the intercept, ±0.2 on the slope and an RMSE of 0.1. It should be noted that Diner et al. [2001] conducted their measurements in relatively dry and cloud free conditions, which likely explains the slightly lower retrieval bias they found as compared to the current analysis.
[21] As shown in Figure 5 , there was substantial scatter at low AOT level. Much of this scatter was found from the three western inland sites, i.e., Rogers Dry Lake, Maricopa and Sevilleta. A linear regression using data points from these three sites had an R 2 of 0.33 and an RMSE of 0.05. The slope of the regression line was greater than 1.0 with substantial uncertainty (1.18 ± 0.16). This might be due to a larger proportion of coarse particles present in western sites as discussed in the correlation analysis. In addition, western sites, especially in southern California, generally have a different aerosol composition from eastern sites [Malm et al., 1994] . The large scatter observed at these three sites might indicate that those aerosols are not well characterized by the current aerosol model assumptions in MISR retrieval algorithm. Regression using data from the rest of the sites had an R 2 of 0.90, an RMSE of 0.04 and a slope of 0.92. Based on the above analysis, the overall retrieval accuracy of MISR AOT may be expressed as within ±0.04 ± 0.18 Â AOT following the expression in the work of Chu et al. [2002] . When data from the three western inland sites as well as the two possible outliers were excluded, the retrieval accuracy of MISR AOT was improved to within ±0.02 ± 0.10 Â AOT.
[22] Similar to results from the correlation analysis, factors such as geographical location and aerosol size distribution could influence the strength of the association between MISR regmean and AERONET 10am . These factors were analyzed using general linear models. A Fisher's exact test indicated that aerosol size distribution, represented by different levels of Angstrom exponents, was highly correlated with geographical regions, with coarse particle dominant scenarios taking place more frequently in the west. When both aerosol size distribution and geographical region were included in the model, aerosol size distribution became insignificant, suggesting the variation of the agreement between MISR regmean and AERONET 10am could be better modeled by geographical region. Therefore aerosol size distribution was not included in the general linear model. The summary statistics of this data set also indicated that the agreement between MISR regmean and AERONET 10am varied by season, thereby validating the inclusion of seasonal variation in the model.
[23] This model had an R 2 of 0.86 and an RMSE of 0.04 with the two possible outliers excluded and its parameter estimates were given in Table 6 . Model intercept was not significantly different from zero, indicating that season, geographical region and site distance from coast were able to fully explain the positive bias in MISR AOT retrieval. The parameter estimates for different seasons indicated that the retrieval bias was approximately 0.03 higher in the spring and summer as compared to the winter and fall. In addition, inland sites generally had a higher retrieval bias (0.02) as compared to coastal sites. Finally, retrieval bias also differed in geographical regions, with highest bias found in the western sites and lowest in the midwest sites. [24] The slope for inland sites was estimated to be 0.70, which was significantly different from the estimated slope for coastal sites (0.91). As previously discussed, this deterioration in the agreement between MISR and AERONET AOT measurements was mainly due to data from Rogers Dry Lake, Maricopa and Sevilleta. Chu et al. [2002] found weaker association between MODIS and AERONET AOTs at coastal sites with greater RMSE than inland sites, which was mainly attributed to water contaminated signals near the coast. Because MISR and MODIS adopted different aerosol retrieval algorithms over land, the findings with MODIS data might not necessarily apply to MISR data. The performance of this model was evaluated by comparing AERONET 10am with predicted AOT values. As shown in Figure 6 , the regression yielded an R 2 of 0.94 and an RMSE of 0.02 with the slope of the regression line close to unity (1.06 ± 0.02).
Conclusions
[25] MISR AOTs were strongly correlated with corresponding AERONET AOTs measured between 10 and 11 a.m. in all 16 sites. Following the expression in the work of Chu et al. [2002] , the overall retrieval accuracy of MISR AOT is within ±0.04 ± 0.18 Â AOT. This result was comparable with previous results using MISR or MODIS AOT measurements. The agreement was further improved to within ±0.02 ± 0.10 Â AOT (RMSE = 0.04) when data from three western inland sites, i.e., Rogers Dry Lake, Maricopa and Sevilleta were excluded from the regression. The results of current analysis support the use of MISR AOT as a quantitative analysis tool for tropospheric aerosol research. Further research is required to resolve the retrieval bias of approximately 0.02 ± 0.007 in MISR AOT as well as its seasonal and geographical variation revealed by the general linear model. The weaker agreement at Rogers Dry Lake, Maricopa and Sevilleta might indicate that the aerosol size distribution and composition in this region was not well represented by the aerosol model assumptions in MISR retrieval algorithms. Therefore caution should be given when using MISR AOT quantitatively in this region.
[26] The current analysis also showed that MISR AOT parameters (best fit, regional mean and regional weighted mean AOTs) were highly correlated and, thus, interchangeable. With MISR retrieval algorithm continuously being refined, it is likely that some of the difficulties in using MISR products will be addressed and MISR data quality will be improved. Finally, as aerosol optical properties can be related to PM 2.5 mass concentration, MISR data are especially promising for long-term PM 2.5 pollution monitoring at national or perhaps global scale. 
